of graft. A processed nerve allograft should not induce an immune reaction. Reduction of graft immunogenicity can be accomplished by eliminating cellular constituents, resulting in a mild to absent immune reaction. 13, 14 Remaining debris will also reduce or inhibit nerve regenerative capacity because debris may result in a fibrotic intraluminal occlusive blockade. Further enhancement of the regenerative capacity of the graft can be accomplished by the preservation of native extracellular matrix. The overall goal of nerve decellularization is to remove all cellular elements except the basal lamina (BL)-thus removing any immunogenicity of the tissue, as illustrated in Fig. 1 . Aggressive processing will diminish immunogenicity but will also alter the structural properties. The optimal balance between removing cellular remnants while maintaining structural properties needs to be determined.
The current available processing protocols have been studied extensively, and a standard processing protocol is available. Regularly used protocols comprise a complex algorithm of steps including chemical detergents, irradiation, and cryopreservation. 8 The basics of this protocol are essentially the foundation of decellularization of nerves and have only been slightly modified by numerous investigators. 12 Given the fact that current processed allograft studies (both experimental and clinical) demonstrate inferior results to autografts, we sought to determine if the addition of elastase to the processing would improve decellularization. 5 Elastase is an enzyme that deconstructs proteins by disconnecting peptide junctions and breaking down elastin. It has been successfully used in the decellularization of tissues other than nerves-for instance in heart valve and cartilage decellularization. 16, 17 Currently all the clinically available allograft conduits are frozen before use. In addition to optimizing the decellularization process, the effect of frozen storage versus cold storage on the efficacy of processed nerve grafts has not been adequately evaluated.
The purpose of this in vitro study was 2-fold. First, to study the effect of elastase on the decellularization of rat nerve tissue, and second to evaluate the effect of storage, either frozen or cold. We hypothesized that the addition of elastase will allow the extracellular matrix to be preserved with a minimal amount of debris. Determination of the optimal storage technique (e.g., cold or frozen) in addition to optimization of the decellularization process would allow for the optimal nerve allograft for the reconstruction of large peripheral nerve defects.
Methods
After approval by our institution's animal care and use committee, 25 Sprague-Dawley rats weighing 250-350 g (Harlan) were used. After initial isoflurane induction, all animals were killed with an overdose of pentobarbital. Bilateral 15-mm nerve segments of the sciatic nerve were aseptically harvested. A total of 50 nerve segments were collected.
Experimental Design
A total of 5 groups were compared in this study. All groups consisted of 10 nerves. The first group was processed following the standard protocol based on previous studies. 5, 8, 12 The second and third groups underwent the same processing, only with the addition of the enzyme elastase in 2 different time periods (i.e., 8 and 16 hours) (Groups II and III). The effect of frozen storage (-80°C) was also studied in Group 4. A native unprocessed nerve (Group 5) was analyzed as a negative control. An overview of the studied groups is depicted in Table 1 .
Nerve Allograft Processing
Briefly, immediately after harvest the nerve segments were placed in RPMI (Roswell Park Memorial Institute medium) 1640 solution at 4°C overnight. The next day the nerve tissues were placed in deionized distilled water. Af- ter 8 hours, the water was replaced by a solution containing 125 mM sulfobetaine-10 (SB-10), 10 mM phosphate, and 50 mM sodium. The nerves were agitated for 15 hours and rinsed for 15 minutes in a washing solution of 10 mM phosphate and 50 mM sodium. Next, the washing solution was replaced by a solution containing 0.14% Triton X-200, 0.6 mM sulfobetaine-16 (SB-16), 10 mM phosphate, and 50 mM sodium, and agitated for 24 hours. Next, the tissues were rinsed with the washing solution (50 mM phosphate and 100 mM sodium). The washing solution was replaced by SB-10 solution, and the nerves were agitated for 8 hours. Next, they were washed once using the washing solution and put into a solution of SB-16/Triton X-200. The nerves were agitated for 15 hours and then washed in a solution containing 10 mM phosphate and 50 mM sodium. Subsequently, nerves were incubated in a solution containing 2 U/ml chondroitinase ABC (avidin-biotin complex) for 16 hours at room temperature and then washed in a solution containing 10 mM phosphate and 50 mM sodium. In Groups II-IV the nerves, which underwent elastase treatment, were incubated in a solution containing 0.05 U/ml elastase at 37°C for 8 hours (Group II) or 16 hours (Groups III and IV). After that, the nerves were sterilized with a 2.5-kGy dose of gamma radiation.
Tissue Storage
As previously described and as has been successful in other fields, tissue was stored frozen. 6 Nerve segments were stored in Ringer solution at -80°C for the frozen storage (Group IV) for a duration of 2 weeks before final analysis. The other storage method was cold storage (4°C), in which nerves were placed in phosphate-buffered saline solution.
Outcome Analysis

Structure
A 5-mm section of each nerve segment was fixed in 2% Trump solution (37% formaldehyde and 25% glutaraldehyde). Then, 1-μm thin sections were transversally cut and stained with 1% toluidine blue. Another 5-mm section of each nerve segment was suspended in OCT (optimal cutting temperature) compound, fast frozen, and 5-μm transverse sections were cut. Nerve sections were stained with H & E. Digital images of each sample were taken using a microscope digital camera (digital microscope color camera, 4.0 megapixels; Nikon). The organization of the BL was visualized with a laminin staining procedure as described below. For electron microscopy, ultrathin sections were cut (500 Å), placed on copper grids (200 mesh, EMS), and stained with uranyl acetate and lead citrate (both from EMS). Sections were examined under a JEOL 1400 transmission electron microscope (JEOL Ltd.). All sections were scored for their structural properties on a 5-point scale, with 1 being worst and 5 being optimal. The structure of the nerve segments was compared with the native, unprocessed nerve. Three independent and blinded investigators performed the analysis. Validity and reliability of the objective analysis was determined, with an intraclass correlation of 0.83 (95% CI 0.71-0.90).
Remnants (Axons and Immunogenicity)
Intraluminal remnants were examined with immunohistochemical staining on different components of the nerve allograft. Nerve segments were prefixed with 4% cold paraformaldehyde and fast frozen. Transverse frozen sections (5-μm thickness) were cut. To identify the remnant axons left in the graft, S100 staining was performed. To study the immunogenicity of the graft after processing, major histocompatibility complex-I (MHCI) was stained. The combination of the presence of S100 and MHCI after nerve processing was classified as remnants and cellular debris. Additionally, laminin was stained to identify the basal laminae. The immunohistochemical staining procedure was performed using the Leica Bond III Stainer (Leica Microsystems). The sections were postfixed in 4% paraformaldehyde and retrieved online using Epitope Retrieval 1 (Leica Microsystems) for 5 minutes.
The primary antibodies used were as follows: polyclonal S100 anti-rabbit (Dako) was used at 1:5000; polyclonal laminin y1 anti-rabbit (Sigma) was used at 1:200; and mouse anti-MHCI (Clone OX18, Novus Biological) was used at 1:100. All antibodies were incubated for 60 minutes. The detection system used was the Research Detection System (Leica DS9455). This system includes the Protein Block (Dako X0909) and secondary antibody AlexFluor488. All sections were nuclear-stained with Hoechst 33342 (Invitrogen H1399). Once completed, slides were removed from the stainer and rinsed for 5 minutes in distilled water. Slides were coverslipped using ProLong Gold antifade media (Invitrogen). Nerve slides were examined under a fluorescence laser confocal microscope (LSM 780, Zeiss) and pictures were captured with a camera. The intensity of staining in the cross-section of the nerve was measured with ImageJ software (NIH) to quantify results of the different staining processes.
Statistical Analysis
Data are expressed as the mean ± SEM. For structural analysis, the results of the 3 different observers and the 3 different staining processes were averaged to score the structural properties. Statistical analysis of the differences among the groups was performed with 1-way ANOVA, followed by the Bonferroni post hoc test with GraphPad Prism 5 software (GraphPad Software), and p values < 0.05 were considered to be significant.
Results
An overview of the different staining results is depicted in Fig. 2 , and a summary of the results is given in Table  2 . The results are graphically displayed in Figs. 3-5 and presented in Table 3 . 
Enzymatic Decellularization
Structure: Score The structure of the nerve graft was not significantly influenced by the addition of elastase to the decellularization protocol. Group I, the standard protocol, showed a score of 3.9 ± 0.2, and in Group II, with the addition of elastase, the score was 3.5 ± 0.1. There was no significant difference between the groups. A longer exposure of the enzyme, Group III, did not influence the structure of the nerve graft (3.2 ± 0.1). There was no statistical difference between the groups (Fig. 3) .
Structure: Laminin
The same was observed when the intensity of the laminin was determined. The enzyme did not significantly reduce the presence of laminin in the nerve. The nerves in Group I (standard protocol) had a laminin intensity of 65.7 ± 8.6; Group II (with elastase) 53.22 ± 6.2; and the nerves with a longer exposure to elastase, Group III, had a score of 51.5 ± 3.3. No significant difference among those 3 groups was observed (p = 0.20).
Remnants: Axons
Axons were significantly reduced by the addition of the extra enzymatic step (Group I, 9.5 ± 1.0; Group II, 5.0 ± 0.5). Prolonged exposure to elastase (Group III) showed an even lower score of axons (3.2 ± 0.4). The difference between the groups was statistically significant (p < 0.0001) (Fig. 4) .
Remnants: Immunogenicity
Elastase had a similar significant effect of reduction of the remnants when evaluating immunogenicity. The standard protocol without the enzyme (Group I) had an MHCI score of 18.2 ± 1.8; the addition of elastase reduced the MHCI score to 9.3 ± 1.0. The observed differences were significant (p = 0.0010) (Fig. 5 ).
Storage Effects
Structure: Score
The effect of cold or frozen storage at either 4°C or -80°C showed a tremendous effect on the structure of the graft. When frozen, the total score for the structure significantly decreased, from 3.2 ± 0.1 (Group III) to 1.6 ± 0.2 in Group IV for the rat nerves. The effect of storage was visualized with electron microscopy in Fig. 6 .
Structure: Laminin
Storage had no significant effect on the laminin intensity staining. The score of Group III (51.49 ± 3.31) was not significantly different compared with the frozen group (IV) (63.67 ± 2.4, p = 0.20).
Remnants: Axons
When looking at the effect of storage on the intraluminal remnants, it was demonstrated that the nerves kept in cold storage contained a significantly lower amount of axons stained with S100 compared with the frozen nerves. The effect of storage was statistically significantly different. Group III (3.2 ± 0.4) was the cold-storage group; the values for frozen storage (Group IV) were higher (5.7 ± 0.3) (Fig. 4) .
Remnants: Immunogenicity
The effect of cold or frozen storage at either 4°C or -80°C showed a severe effect on the structure of the graft. The immunogenicity in the rat nerves of the cold storage (Group III, stained with MHCI) was statistically significantly different (9.3 ± 1.0) from the nerves kept in frozen storage (Group IV, 20.8 ± 1.2), as depicted in Fig. 5 .
Discussion
This study demonstrated that the enzyme elastase reduced immunogenicity, diminished cellular debris, and cleared Schwann cells better-while maintaining the ultrastructure-compared with standard decellularization protocols. Storage at -80°C after the decellularization process heavily damaged the nerve ultrastructure compared with cold storage. Currently available nerve allograft processing techniques are not sufficient to create nerve allografts that can truly challenge the nerve autograft in the clinical setting. Creating a nerve allograft has therefore been the subject of multiple studies. 3, 8, 12, 14 Knowledge of the ultrastructural anatomy of a peripheral nerve is key to understanding the concept of nerve allograft transplantation. There are 2 domains in the ultrastructure: an internal BL, and an external fibrillar matrix. The BL faces and is linked to cellular membranes, and its components typically include laminin heterotrimers, collagens, nidogen or entactin, and poreoglycans. The exact molecular assortment of the BL is cell-specific.
2 Schwann cells, undoubtedly, are essential for myelination and are responsible for the fast-conducting signaling. It has been shown that preservation of the BL is necessary to support the host Schwann cells and to direct new axon sprouts. 
Values (mean ± SD) are presented as follows: number of axons; the MHCI score for immunogenicity; and scores based on a scale ranging from 1 (worst) to 5 (optimal) for structure.
sorting and myelination is derailed, affecting the capacity of axons to regenerate. 1 In addition to its presence, the organization of the basal membrane is of paramount importance in supporting regeneration. Fragmentation of the BL has been demonstrated using electron microscopy after chronic denervation. The progressive fragmentation of the basal membrane is negatively correlated with the reinnervation. 4 Therefore, evaluating the integrity of the basal membrane is of fundamental importance to determine the ideal processing technique to create a nerve allograft.
This study demonstrates the effect of modifications to the standard processing techniques in a rat model. Modifications to the processing protocol should not disrupt the presence and organization of the BL, but should reduce the remnant debris and axons. The standard processing technique was modified by addition of an extra enzymatic step. The enzyme elastase was hypothesized to remove more of the remnants of cells and debris by disrupting the tight junctions. 16 In this study both the organization and the presence of laminin was investigated. When evaluating the amount of axons remaining in the nerve graft, the addition of elastase showed a significant reduction of S100 expression. Longer exposure to the enzyme did not significantly further reduce the cellular remnants in the rat nerves. The immunogenicity of the grafts was also reduced by the addition of the enzyme. The elastase-processed nerves provided a nerve allograft with reduced cellular remnants and preservation of the ultrastructure.
The addition of elastase reduced the amount of axons in the nerve allograft by 66.3%. The immunogenicity was reduced by 48.9% when the enzyme was added to the decellularization process. By frozen storage of the nerve allograft, the structural score was reduced by 50% when compared with the cold-stored allograft. The effect of both the elastase and storage on the allograft was significantly different.
Previously produced nerve allografts were preserved at -80°C. 17 In other research fields (bone allograft studies), the allograft structure is less fragile than the nerve tissues and tolerates preservation by freezing better than nerve tissue. 17 The destructive effect of freezing on nerve tissues was found in our study. The processed nerve allograft that was stored frozen proved to have significantly worse structure compared with the nerves for which the cold-storage preservation method was used. In Fig. 3 the difference between the 2 storage methods studied is demonstrated. It can be appreciated that the ultrastructure of the nerve, still visible in the cold-stored nerve, is severely deconstructed in the nerves that were stored frozen. The structure can almost no longer be observed. The significant difference observed with the structural scoring was not present in the laminin staining. The presence of laminin did not significantly differ between cold-and frozen-storage groups. However, the structural scoring and preservation of the BL showed big differences.
We recognize the limitations of this study, in particular that the effect of the processing is only investigated in vitro. The neuroregenerative effect of our proposed processing and storage of the allograft still needs to be studied in an in vivo animal model. In this study the immunogenicity of the processed nerve segments was investigated with MHCI staining. The true immune response to the processed nerve allografts should be investigated in vivo. Furthermore, it could be argued that more groups need to be investigated. For instance, different temperatures could be incorporated in this study. We choose to use 2 temperatures (4°C and -80°C) because these are the most commonly used temperatures in the clinical setting. To maintain power for this study we only used 5 different groups.
Conclusions
The aforementioned limitations notwithstanding, we have clearly demonstrated that the addition of the enzyme elastase to nerve processing resulted in maintenance of the nerve ultrastructure while significantly reducing immunogenicity, and diminishing cellular debris and Schwann cells, compared with standard decellularization protocols. Additionally, we demonstrated that storage at -80°C after the decellularization process heavily damaged the nerve ultrastructure, as compared with cold storage at 4°C. We have been able to improve the ultrastructure while further reducing the immunogenic capacity of the nerve allografts in this study by the addition of the enzyme elastase and modification of storage after nerve processing. Further research should focus on an in vivo study of the neuroregenerative effect of nerve allografts optimized by this means.
